Compared with commercial meta-aramid fibres, the electrospun meta-aramid nanofibres (mANFs) show insufficient mechanical properties because the polymer chains are not possible to have a well-developed molecular orientation. The aligned mANFs with LiCl salt was prepared using electrospinning apparatus with drum-collector, and the nanofibres with enhanced mechanical properties were obtained by repetitive washing and fast heat-pressing treatment. The salt remaining between meta-aramid chains interrupted the arrangement of the chains, whereas salt-removed nanofibre showed arrangeability of polymer segments. The fast heat-pressing induced effective adhesion between nanofibres, and the mechanical properties of heatpressed nanofibres increased dramatically along the nanofibre-aligned direction. These results indicate that removal of salt in nanofibres and a physical adhesion between adjacent nanofibre strands contribute to the enhancement of mechanical properties of mANFs.
Introduction
Aramid, a fully aromatic polyamide, is a representative polymer having repeating units containing phenyl rings linked together by amide groups. Phenyl rings prevent the rotating and twisting of polymer chains around their chemical bonds. Because amide groups form intermolecular hydrogen bond networks, aramid has superior properties such as extremely high strength and high resistance to chemicals, heat and physical abrasion. The best known aramids are para-aramids, such as poly(p-phenylene terephthalamide) (PPTA, Kevlar), and meta-aramids, such as poly(m-phenylene isophthalamide) (PMIA, Nomex). Para-aramids have been made into bulletproof materials because of excellent mechanical and thermal properties, but, their poor solubility and fusibility result in low processability and limit the formation of various nanostructures. In contrast, meta-aramids are soluble in organic solvents, such as N,N-dimethyl acetamide (DMAc), N,N-dimethyl formamide (DMF), N,N-dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), with certain salts such as LiCl and CaCl 2 [1, 2] . Thus meta-aramids have high potential for efficient formation of various nanostructures.
Among various nanostructures, nanofibre has received attention for its features including small diameter, high surface area-to-volume ratio, light weight and controllable pore structures compared to the other commercial fibres [3] [4] [5] . Recently, the commercial meta-aramid fibres, such as Nomex, have been fabricated into nanofibres by electrospinning [6] [7] [8] [9] [10] [11] , which has emerged as a novel technique for producing uniform nanofibres owing to its versatility, easy processing, simple apparatus, and possibility of using various types of polymers in the melt or solution state [12] . These meta-aramid nanofibres (mANFs) have been intensively studied as filtration media, protective materials and nanofibrous substrates for various applications. Shin et al. reported the use of electrospun mANFs as a composite filter for water/oil separation [7] . Lin et al. [9] investigated the meta-aramid nanofibrous membranes for water purification. However, compared with commercial meta-aramid fibres, the mechanical properties of electrospun mANFs could be insufficient because the polymer chains do not have a well-developed molecular orientation. Various physical treatments, such as stretching, heat treatment, and microwave irradiation, on nanofibres has been conducted so as to improve the mechanical properties [13] [14] [15] [16] [17] [18] [19] [20] .
Electrospun mANFs could possess improved mechanical properties by control of chemical structure, arrangement of polymer segments, and interfacial interaction between nanofibre strands. Herein, we show electrospun mANFs with enhanced mechanical properties. The aligned mANFs with LiCl salt was prepared using electrospinning apparatus with drum-collector, and the nanofibres were post-treated with repetitive washing and fast heat-pressing. We found that salt remained between meta-aramid chains interrupted the rearrangement of the chains. In addition, the heat-pressed nanofibres irreversibly stuck together and showed enhanced mechanical properties along the alignment direction of nanofibres. These results demonstrate that removal of salt in nanofibres and a physical adhesion between adjacent nanofibre strands can play an important part in improving mechanical properties.
Experimental details

Materials
Poly(meta-phenylene isophthalamide) (meta-Aramid, Nomex) was purchased from Dupont. N,N-dimethylacetamide (DMAc, anhydrous, 99.8%) and lithium chloride (LiCl, ACS reagent, ≥99%) were purchased from Sigma-Aldrich. The meta-aramid and LiCl were dried at 120°C for one day in a vacuum oven before use. All of the materials were used as received without further purification.
Preparation of electrospun meta-aramid nanofibres and improvement of their mechanical properties
Meta-aramid/DMAc/LiCl solution for electrospinning solution was prepared as follows: 8 g of LiCl, as a salt, was added to 100 g of DMAc, and the solution was shaken mildly for 30 min at room temperature. Then, 16 g of meta-aramid (0.5 : 1 LiCl/meta-aramid weight ratio) was dissolved in the solution at 80°C for one day. mANF were prepared by electrospinning: the solution was filled in a syringe having a stainless-steel needle with an internal diameter of 0.33 mm, the solution was transferred at a flow rate of 0.2 mL/h for 50 h, and the needle tip of syringe was directly charged by a positive voltage of 18-23 kV. The syringe was placed horizontally from Al foil covered drum collector rotating at 100 rpm. The collector was charged with a negative voltage of -5 kV. The tip-to-collector distance was 15 cm. The electrospinning was conducted at 22 ± 1°C and 45 ± 5% RH condition. To enhance the mechanical property of mANFs, the LiCl salt being between the meta-aramid chains was removed via washing treatment. The nanofibres were washed for 1 h in three times with enough deionised water, and the washed samples were dried at room temperature for 1 day in vacuum oven and stored in desiccator at room temperature (w-mANF). And then, the nanofibres were heat-pressed to adhere with each other at 150, 200 and 250°C at 1000 psi for 2 min using a manual hydraulic press (Carver 3925; Carver Inc.) so as to further improve the mechanical property of nanofibres (HP-w-mANF).
Characterisation of meta-aramid nanofibres
The surface morphology of all samples was observed by field emission scanning electron microscopy (FE-SEM, JSM-6335F; JEOL). The presence of Cl -in nanofibres was confirmed using energy-dispersive X-ray spectroscopy (EDX, XFlash 4000; Bruker AXS). The chemical structure of nanofibres was observed using attenuated total reflection/Fourier transform infrared (ATR/FT-IR) spectroscopic system. The crystallinity of the nanofibres was investigated by wide angle X-ray diffraction (WXRD, M18XHF; MAC Science Co.) with Cu Kα radiation (λ = 1.541 Å) at a voltage of 40 kV, a current of 40 mA and a Bragg angles (2θ) from 5° to 80° with scan rate of 2°/min. Thermal behaviour of the nanofibres was determined using thermal gravimetric analysis (TGA, Q500; TA Instruments, heating rate 10°C/min, from 40°C to 700°C, N 2 atmosphere) and differential scanning calorimetry (DSC, Q1000; TA Instruments, heating rate 10°C/min, from 40°C to 400°). The mechanical property of the nanofibres was measured with a universal testing machine (UTM, Model 5567; INSTRON). Specimens were prepared with the form of standard dog-bone shapes by die cutting the nanofibre mats according to ASTM D638 Type V. The dog-bone shape specimens with 3.00 mm width and 0.10-0.20 mm thickness were test at a crosshead speed of 1 mm/min. The specimens were tested in an aligned direction and a perpendicular direction to the alignment of nanofibres.
Results and discussion
DMAc/LiCl solution is an excellent solvent system to dissolve meta-aramid and high concentration solution to 16 wt% can be obtained with a dissolving process at 80°C for one day. The [Li-DMAc] + complex was formed between the DMAc solvent and the LiCl salt while the Cl -was left freely. The hydrogen bonds in meta-aramid molecular structure can be broken by the free Cl -, which interacts with hydrogen on amide group. Therefore meta-aramid can be easily dissolved in the solution. The mechanism of dissolving meta-aramid in DMAc/LiCl solution is presented in Figure 1 . We tried to prepare mANF by electrospinning apparatus using plate-and drum-type collector, respectively. In the case of fixed plate collector, the nanofibre strands seemed to converge on the collector, and therefore the large area of mANF was not formed on the fixed plate collector. However, mANF sheet was efficiently prepared by electrospinning apparatus using drum collector. In addition, we observed the bundle of nanofibre strand during flying to the drum collector, as shown in Figure 2 . To enhance the mechanical property of mANF, the LiCl salt between the meta-aramid chains was removed via repeated washing treatment, which is called hereafter w-mANF. And then, w-mANF was heat-pressed to adhere with each nanofibre strand at 250°C at 1000 psi for 2 min, which is called hereafter HP-w-mANF. The nanofibre morphology was observed by FE-SEM, and shown in Figure 3 . Most nanofibres in mANF were aligned in the rolling direction of drum collector, and rough surface was observed. Inter-nanofibre cohesion was formed between adjacent nanofibre strands. Despite the washing and heat-press treatment, the average diameter of nanofibres and surface roughness of w-mANF and HP-w-mANF were little changed. But the nanofibre cohesion increased and degree of nanofibre alignment was weakened slightly after heat-pressing, as shown in Figure 3 (E). To confirm the removal of LiCl salt during washing treatment, the elements in the nanofibres were analysed using EDX, as shown in Figure 4 . Nitrogen and oxygen of amide group and the remaining Cl in nanofibre were detected. In the case of mANF, considerable amount of Cl element was observed, whereas the Cl element was clearly eliminated during washing treatment with deionised water. The Cl removal may affect the thermal property, chemical structure, crystalline structure and mechanical property of mANF. Thus, first of all, we investigated the thermal property of nanofibres by TGA. Figure 4 Element analysis of meta-aramid nanofibres (mANFs) and washed meta-aramid nanofibres (w-mANF) (see online version for colours) Figure 5 shows the thermal properties of mANF, w-mANF and HP-w-mANF. The mANF exhibited dramatic weight loss near 100°C, which indicated that the water and Cl element in nanofibres had escaped from the nanofibres. We thought that the existence of Cl element leads to absorption water in nanofibres. To the exclusion of dramatic weight loss, mANF showed similar thermal stability compare to those of w-mANF and HP-w-mANF. It indicates that the Cl removal affects the water absorptivity, but the influence of remaining Cl in nanofibres on the thermal properties of nanofibres cannot be identified. To confirm the influence of remaining Cl on the water absorptivity and thermal property, additional thermal analysis was carried out using DSC, as shown in Figure 6 . In the first scan, endothermic bands around 60, 71, 92 and 106°C were observed, and these results suggest the existence of water in nanofibres and the water absorptivity of nanofibres. The mANF with remaining Cl element showed largest endothermic transition and highest transition temperature. In contrast, Cl-removed nanofibres (w-mANF and HP-w-mANF) presented a lower degree of transition and decreasing transition temperature. On the basis of the first scan DSC curve, we conclude that Cl element in nanofibre induces the increasing water absorptivity of nanofibres; and interaction between water molecules and amide groups of meta-aramid removed was weakened owing to the removal of Cl element during washing treatment. In second scan, the endothermic transition related to water molecules was not detected, whereas the transition of meta-aramid chain was found in w-mANF and HP-w-mANF around 272°C, which was considered the glass transition temperature (T g ) of meta-aramid chain. We conclude that the arrangement of polymer segments may occur through processes of meta-aramid dissolution in DMAc/LiCl solution, solidification during electrospinning, and removal of Cl by washing treatment. In particular, Cl remaining between meta-aramid chains interrupted the rearrangement of the chains, which is quite an important finding. As shown in Figure 7 , ATR FT-IR spectra were observed to determine the chemical structure change of nanofibres. Nanofibres (mANF, w-mANF, and HP-w-mANF) showed almost identical chemical structure with Nomex fibre. Meta-aramid showed the N-H stretching at 3307 cm -1 , aromatic C-H stretching at 3068 cm -1 , C=O···H stretching (amide I) at 1647 cm -1 , aromatic C-C skeleton vibration or C=C vibration at 1604 cm -1 , N-H bending (amide II) at 1528 cm -1 , and C-N vibration at 1243 cm -1 . In the case of mANF, the broad peak for evidence of water was detected around 3400 cm -1 , which nearly disappeared in the case of the nanofibres where Cl had been removed by washing treatment (w-mANF and HP-w-mANF). However, all nanofibres showed the weakness of the secondary amide carbonyl stretching (C=O···H stretching (amide I)), which indicates that the inter-and intra-hydrogen bonding of meta-aramid was broken during electrospinning process. The change of hydrogen bonding can induce the deformation of crystalline structure of meta-aramid, and thus, we investigated the crystalline structure of nanofibres. We observed that Nomex fibre had characteristic crystalline peaks, and two main diffraction peaks are assigned to (110) and (200) planes of the crystalline structure as shown in Figure 8 . These sharp peaks of Nomex fibre were not found in all nanofibres, and the broad peaks were observed in the XRD curves of all nanofibres, which can be explained by the breaking of crystalline structure owing to the processes of meta-aramid dissolution in DMAc/LiCl solution, solidification during electrospinning. Post treatments, such as the removal of Cl from between meta-aramid chains and brief heat-press process at 250°C, were ineffective to regenerate the crystalline structure of mANFs. To form the crystalline mANF, thermal treatment above glass transition temperature (T g ) will be applied at the next study.
We examined tensile-test with horizontal and vertical direction of nanofibre alignment and investigated the mechanical properties, such as the Young's modulus of mANFs, as shown in Figure 9 . In all nanofibres, the modulus multiplied in horizontal direction, which indicates that the directional nature of nanofibres has a great effect on the mechanical properties of nanofibres. The removal of Cl during washing treatment significantly affected the mechanical properties in horizontal direction, and the increase of modulus from 2.4 GPa to 4.3 GPa could result from the disappearance of Cl and lower water existence between meta-aramid chains. In the case of heat-pressing treatment, the modulus in horizontal direction increased as the treatment temperature increased from 150°C to 250°C, whereas the modulus in vertical direction was little affected by the treatment. We considered that the washing and heat-pressing treatment caused the partial orientation of meta-aramid chains in the amorphous structure, and thus the Cl-removed nanofibres (w-mANF and HP-w-mANF) showed the effective modulus enhancement by heat-pressing treatment from 4.3 GPa to 13.5 GPa. Also, the enhanced modulus of nanofibres by heat-pressing treatment could be induced by the physical adhesion between adjacent nanofibres, which played an important part in increasing the modulus along the nanofibre-aligned direction. 
Conclusions
This study described the enhancement of mechanical properties for electrospun mANFs. We prepared the aligned mANFs with LiCl salt using electrospinning apparatus with drum-collector, and the nanofibres were post-treated with washing and heat-pressing. The Cl remaining between meta-aramid chains could interrupt the rearrangement of the chains, and we found the Cl element between meta-aramid chains was clearly eliminated during washing treatment with deionised water. The glass transition temperature (T g ) of meta-aramid chain was found in Cl-removed nanofibres at around 272°C, which indicated that, to improve the mechanical properties of mANFs, the post-treatment should be applied above that temperature range. In the case of fast heat-pressing under the T g , it was ineffective to regenerate the crystallinity of mANFs. Namely, the hydrogen bonding structure and crystallinity of meta-aramid were not perfectly regenerated despite the post-treatments. Nevertheless, we achieved our objective of enhancing the mechanical properties of mANFs. The washing and heat-pressing treatment caused the orientation of meta-aramid chains in the amorphous structure, and thus the Cl-removed nanofibres (w-mANF and HP-w-mANF) showed the enhanced mechanical properties. Also, a physical adhesion between adjacent nanofibre strands by heat-pressing treatment played an important part in enhancing mechanical properties along the alignment direction of nanofibres. Our results will enable the design and production of nanofibres and nanofibre composites with superior performance.
